Background: alcohol consumption has many harmful health effects, but also benefits of moderate consumption on frailty have been reported. We examined this relationship longitudinally from midlife to old age. Methods: data of reported alcohol consumption in midlife (year 1974) and in old age (years 2000 and 2003) were available of a socioeconomically homogenous sample of 2360 men (born 1919-34, the Helsinki Businessmen Study). Alcohol consumption was divided into zero (N = 131 at baseline), light (1-98 g/week, N = 920), moderate Results: during a 30-year follow-up, high consumption clearly decreased whereas lighter consumption remained stable. High consumption in midlife predicted both frailty (odds ratio = 1.61, 95% confidence interval = 1.01-2.56) and prefrailty (1.42; 1.06-1.92) in 2000, association with zero and moderate consumption was insignificant. Cross-sectionally in 2000, both zero (2.08; 1.17-3.68) and high consumption (1.83; 1.07-3.13) were associated with frailty, while in 2003 only zero consumption showed this association (2.47; 1.25-4.88). Conclusion: the relationship between alcohol and frailty is a paradox during the life course. High, not zero, consumption in midlife predicts old age frailty, while zero consumption in old age is associated with frailty, probably reflecting reverse causality.
Introduction
Frailty is caused by the gradual accumulation of diverse molecular and cellular damage which eventually results in vulnerability and disease [1, 2] . Oxidative stress, telomere shortening, and mutations of mitochondria and nuclear DNA may be defects at the cellular level. Alcohol is known to have an effect on these processes [3, 4] , and it is plausible that excessive alcohol consumption would be associated with risk of frailty over the life course.
Indeed, moderate consumption has been associated with lower risk of-not only cardiovascular disease [5] -but also frailty in some studies [6] [7] [8] [9] [10] . However, knowledge of alcohol as a predictor of frailty over the life course is scarce, because studies have been either cross-sectional, or involved relatively short follow-up periods among older adults leaving out people who had died before old age. Also, people may have reduced their alcohol consumption due to health reasons ('sick quitter effect'), and the abstainer group may thus include persons with poor health or previous alcoholism.
Using the 30-year follow-up data of the Helsinki Businessmen Study (HBS) [4, 11, 12] , our objectives were to investigate the relationship between alcohol consumption and frailty (i) longitudinally from midlife to old age, and (ii) cross-sectionally in old age, when selection, ageing and diseases may have modified the relationship.
Methods

Participants and baseline 1974
Our cohort has been described previously [4, 11, 12] , registered as ClinicalTrials.gov identifier: NCT02526082, and approved by the ethical committee of the Helsinki University Hospital. Flow diagram is in Appendix 1.
In brief, 3,490 men, mostly business executives born between 1919 and 1934, participated in volunteer health check-ups during the 1960s to early 1970s. In 1974, the men were evaluated by questionnaires and clinical and laboratory examinations, including body mass index (BMI) and smoking history. Self-rated health (SRH) in 1974, 2000, and 2003 was assessed [13] . In 1974, but not in 2000 nor 2003; the participants were also asked about perceived physical fitness with similar wording as with SRH.
The participants were asked to report their alcohol consumption as the weekly number of drinks (beer, wine, or liquor) during the past year, and complete alcohol consumption at baseline is available for 2,360 men (67.6% out of 3490) forming the analytical sample.
During the 1970s, one drink of alcohol (a bottle of beer, a glass of wine, a portion of strong liquor) was calculated to contain 14 g of alcohol. The consumption was categorized into four groups: zero consumption (baseline N = 131), light consumption (1-98 g/week, reported as maximum 7 drinks/week, N = 920), moderate consumption (99-196, maximum 14 drinks/week, N = 593) and high consumption (>196, more than 14 drinks/week, N = 716) in the analyses. Ex-drinkers were not identified at baseline.
Follow-up in 2000 and 2003
Mortality was comprehensively retrieved from the Population Information System [12] . The questionnaires in 2000 and 2003 also included items about anthropometric measures, living conditions, medication, and smoking. Morbidity was defined as self-reported history of diabetes mellitus, cancer, stroke, or coronary artery disease. Also, the RAND-36-Item Health Survey 1.0 was embedded into the questionnaire [14] .
Frailty assessment
Frailty and prefrailty were defined in 2000 (N = 1338) and 2003 (N = 957) according to Fried's criteria [1] , which were modified into four criteria (shrinking, exhaustion, weakness, and physical inactivity) [15] . The participant was classified to be frail, prefrail, or not-frail if 3-4, 1-2, or zero criteria were met, respectively. This phenotypic definition of frailty has been shown to predict important clinical endpoints in our cohort [15] . Consequently, we were able to analyze the relationship between alcohol consumption and frailty both longitudinally, and cross-sectionally. The frailty status at death of those who had died before 2000 is not known.
Statistical analyses
T-tests, nonparametric tests, and analyses of covariance (ANCOVA) were used where appropriate to compare continuous variables (mean with standard error [SE] , logarithmic transformation where appropriate). Chi-square and trend tests were used to compare proportions. Because exact time of frailty development was not known, logistic regression with age, BMI and smoking as covariates was used to assess the relationship between different levels (zero, light, moderate, high) of alcohol use and the presence of frailty. In the analyses, the reference categories were the not-frail group, and light alcohol consumption. These analyses were performed both longitudinally (from midlife to Among survivors, alcohol consumption generally decreased during follow-up, especially in the high consumption group, but differences in average alcohol consumption between the baseline groups prevailed during follow-up. Average consumptions during different time points of follow-up are presented according to the baseline alcohol groups in Appendix 2.
At baseline, 32.4% of the men reported smoking, and the proportion of smokers rose significantly with the reported alcohol consumption from 15.3% in the abstinent group to 43.7% in the high alcohol use group. Also BMI was lowest in the zero consumption group and highest in the high consumption group.
As a global measure of their general health at baseline, SRH was very good, fairly good, average, and poor in 156 (6.8%), 1052 (46.1%), 947 (41.5%), and 126 (5.5%) men, respectively. SRH at baseline did not significantly (P = 0.65) differ between the alcohol consumption groups.
When later frailty status in 2000 and 2003 was reflected to the baseline alcohol consumption in 1974, the highest proportion of frail men was observed in the group which had high consumption at baseline (15.5% and 10. Tables 2  and 3 . Although smoking was reduced during follow-upfrom 32% in 1974 to 8% in 2000-significant gradients prevailed between the alcohol consumption groups (Table 1 ). This also applies to BMI, although mean BMIs were largely unchanged. Consequently, highest alcohol consumption (>196 g/week) was constantly associated with highest smoking prevalence and highest BMI.
Although SRH was similar between alcohol consumption groups at baseline, significant differences were observed cross-sectionally in 2000 and 2003 (Tables 2 and 3 Among the men who had died or did not respond and whose frailty status could not be determined in 2000 (N = 900), alcohol use in 1974 was significantly higher than that of responders (P < 0.001). In 2003, the men who had died between 2000 and 2003 (N = 161) or did not respond (N = 457) were more likely to be frail in 2000 than responders (P < 0.001 between groups).
Predictors of frailty
Highest alcohol use (>196 g/week) in midlife was associated with a significant risk of frailty in old age in 2000 (Table 3 ). The risk was increased both for frailty (OR = 1.61; 1.01-2.56) and prefrailty (OR = 1.42, 1.06-1.92), with the light alcohol use as reference, and adjusted for age, BMI, and smoking. Zero consumption in midlife was not found to significantly increase the risk of frailty compared to the light consumption group. When further adjusted for either SRH or perceived physical fitness in 1974, the association between highest alcohol use and frailty was strengthened (OR = 1.88; 1.16-3.05, and OR = 1.77; 1.09-2.87, respectively).
In contrast, a longitudinal analysis in old age (from 2000 to 2003) showed no significant associations between current alcohol consumption in 2000 and later development of frailty (Table 3) . Likewise, the results in the cross-sectional analyses performed in old age were opposite to the findings in the 26-year follow up: In 2000 (mean age: 73 years), the relationship between frailty and alcohol consumption was U-shaped: in adjusted analysis with light consumption as reference, participants reporting current zero consumption had OR = 2.08 (1.17-3.68) for frailty. Also highest alcohol consumption was significantly associated with frailty (OR = 1.83, 95% CI: 1.07-3.13).
The association between zero consumption and frailty was further strengthened in 2003 (mean age: 76 years) ( Table 3) . OR for frailty among the zero consumption group was 2.47 (1.25-4.88), while highest consumption was no longer associated with frailty (OR = 1.12; 0.55-2.30).
Discussion
When analyzed over long-term, zero and moderate alcohol consumption were neutral and high consumption was an independent risk factor for frailty, This contradicts previous cross-sectional or short-term studies performed in old age, which have often implicated benefits of moderate and harms of zero alcohol consumption. However, the relationship between alcohol consumption and frailty transforms during the life course. In midlife, high-but not zero-consumption predicts frailty, whereas in old age the association is reversed. This resembles other paradoxes (such as obesity and cholesterol), where a factor harmful in midlife is no longer harmful-falsely appearing even beneficial-in old age. For alcohol the obvious explanation, also supported by our data, is that older people with zero consumption may have chosen abstinence due to ill health and are therefore susceptible for frailty. An association between decreasing consumption and declining health-related quality of life has been observed in a population-based study [16] . In all, the results do not support alcohol consumption as a way to prevent frailty even in old age.
To our knowledge, this is the longest follow-up study to examine the relationship between alcohol and frailty. A recent systematic review on the impact of behavioral risk factors did not recognize studies on midlife alcohol consumption and risk of frailty [17] , but there are crosssectional or short follow-up studies in old age [6] [7] [8] [9] [10] . However, consumption pattern may have been affected by health problems related to previous alcohol use, causing reverse causality. We have earlier noted in our cohort that zero and moderate consumption in midlife did not offer benefits for mortality during follow-up [11] . Because frailty is associated with increased mortality [15] , a further weakness in studies among older people is that they do not take death before old age into account.
A recent cross-sectional study noting an association between moderate alcohol use and less frailty, sought to explain this by anti-inflammatory effects [10] , but the finding has been challenged because of possible reverse causality [18] . Our cross-sectional results are similar. In 2000, at the mean age of 73.5 years and light alcohol consumption as reference, reported abstinence or high consumption were both associated with a 2-fold increased risk for frailty. Cross-sectionally 3 years later, only abstinence was significantly associated with frailty as compared to light consumption.
Of the longitudinal analyses in old age, the Women's Health Initiative Observational Study showed that moderate drinkers had a 31% lower 3-year risk of frailty than nondrinkers [6] . The Progetto Veneto Anziani study implicated that reversal of frailty was associated with moderate alcohol consumption, but follow-up time was 4.4 years from an average age of 74 years [8] . The Lausanne cohort 65+ study observed a 50% reduced 3-year risk of vulnerability among light-to-moderate drinkers compared with non-drinkers [7] . These results were not verified in the 3-year follow-up of our cohort in old age (from 2000 to 2003), although point estimates were over unity.
The longitudinal analysis from midlife in our cohort shows a different picture. High alcohol consumption in midlife was significantly associated with risk of both prefrailty and frailty in old age. Because participants were healthy in midlife and follow-up is long, the possibility for reverse causality is unlikely.
Strengths and weaknesses
Strengths include the exceptionally long follow-up, and quite homogenous and healthy cohort at baseline. This is particularly important in an alcohol study [19] . The response rates were good, reducing bias due to missing data [20] . Furthermore, we could control for several potentially confounding factors.
While the homogeneity is a strength, participants are all men, so the results may not be applicable to women [21, 22] . They were also professionally active and over 90% without chronic diseases in midlife, so the results may not apply to those who have reduced their consumption earlier in life. BMI and morbidity in 2000 and 2003 were based on questionnaire data, but these are considered appropriate [23] . Also self-report of alcohol consumption may be unreliable [24, 25] , but consumptions at different time points were highly correlated. Furthermore, reported alcohol consumption was correlated with plasma gamma glutamyltransferase, a marker of alcohol consumption (unpublished observation).
Only total alcohol consumption was assessed without data on frequency, binge drinking, or relation to meals. A follow-up study in older adults found that moderate consumption of wine with meals and the Mediterranean drinking pattern was associated with a lower risk of frailty [9] .
Finally, frailty could not be assessed in nonresponders of 2000 and 2003, and this can be seen as a limitation.
Conclusions
Our results show that cross-sectional or short-term followup studies in old age may not give a reliable picture of the relationship between alcohol consumption and frailty. During long-term, high alcohol consumption in midlife predicted frailty, and importantly, zero consumption was not associated with an elevated risk. Because of probable reverse causality, even moderate alcohol use for prevention of frailty in old age is not advocated.
Key points
• Moderate alcohol consumption has been associated with less frailty in cross-sectional studies.
• High consumption in midlife predicted frailty, zero and moderate use were neutral.
• The association was reversed in old age survivors probably due to 'sick quitter' effect.
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